The Waxy (Wx) gene controls amylose synthesis in rice (Oryza sativa) and its expression is regulated organ-specifically. The Wx gene is expressed in the endosperm and pollen but not in other organs. In order to know whether Wx gene regulation is the same in the endosperm and pollen, we compared expression patterns of the rice Wx gene in these two organs by immunoblot analysis. We focused on the allelic differences (Wx a and Wx b ), cool temperature response and effects of the mutation at the du loci. The results obtained are as follows. First, the quantitative regulation depending on two alleles, Wx a and Wx b , was common to both organs; Wx protein levels from the Wx a allele were about 10-fold higher than those from the Wx b allele in the pollen as well as in the endosperm. Second, in both the endosperm and pollen, expression of the Wx b gene, but not the Wx a gene, was enhanced in response to cool temperature. In contrast to these two types of regulation, analysis of two du mutants, 2035 (du1) and 76-3 (du2), revealed that the pattern of reduction in Wx protein levels in the pollen was distinct from that in the endosperm, suggesting that functions of the two du + genes differ in these two organs.
The Waxy (Wx) gene controls amylose synthesis in rice (Oryza sativa) and its expression is regulated organ-specifically. The Wx gene is expressed in the endosperm and pollen but not in other organs. In order to know whether Wx gene regulation is the same in the endosperm and pollen, we compared expression patterns of the rice Wx gene in these two organs by immunoblot analysis. We focused on the allelic differences (Wx a and Wx b ), cool temperature response and effects of the mutation at the du loci. The results obtained are as follows. First, the quantitative regulation depending on two alleles, Wx a and Wx b , was common to both organs; Wx protein levels from the Wx a allele were about 10-fold higher than those from the Wx b allele in the pollen as well as in the endosperm. Second, in both the endosperm and pollen, expression of the Wx b gene, but not the Wx a gene, was enhanced in response to cool temperature. In contrast to these two types of regulation, analysis of two du mutants, 2035 (du1) and 76-3 (du2) , revealed that the pattern of reduction in Wx protein levels in the pollen was distinct from that in the endosperm, suggesting that functions of the two du + genes differ in these two organs.
INTRODUCTION
The Waxy (Wx) gene encodes ADPglucose starch glycosyl transferase (Nelson and Pan, 1995) and controls amylose synthesis in the endosperm in the grass family including Oryza sativa and Zea mays (Sano, 1984; Klösgen et al., 1986; Hirano and Sano, 1991) . The Wx gene is unique in that it is expressed in the endosperm and pollen but not in the other organs.
Rice has at least two functional alleles at the wx locus, Wx a and Wx b , which can be distinguished by the amount of Wx protein accumulated in mature seeds (Sano, 1984; Sano et al., 1991 (Bligh et al., 1998; Cai et al., 1998; Isshiki et al., 1998) . Furthermore, the expression of the Wx b allele is affected by the temperature during seed development. The Wx b gene is activated in response to cool temperatures Larkin and Park, 1999) . Hence, the levels of Wx protein increase at cool temperatures, resulting in higher contents of amylose in mature seeds. In addition to the wx locus, another locus, called dull (du), controls amylose synthesis. A series of du mutants have been found as dull phenotypes in mature seeds and these seeds have been shown to contain less amylose (Okuno et al., 1983; Yano et al., 1988) . The genes responsible for these mutations are independent of the wx locus. A biochemical analysis suggested that the low amylose contents in du mutants are caused by reduced levels of Wx protein (Sano, 1985) .
These unique factors regulating Wx gene expression, namely, the quantitative control by the two alleles, the cool response of the Wx b genes, and the control by the du + genes, have been investigated using developing seeds (Sano, 1984; Sano, 1985; (Amano, 1981; Okuno et al., 1983; Sano, 1985) .
Immunoblot analysis Dry mature seeds or anthers including mature pollen were ground with a mortar and pestle, and the protein was extracted in a sample buffer (2% SDS, 100 mM dithiothreitol, and 60 mM Tris-HCl (pH 6.8)) by boiling for 5 min. After removal of the pellet by centrifugation (15,000 rpm for 10 min), the extract was used for estimation of protein and immunoblot analysis as described by Harlow and Lane (1988) . Total protein (the amount is indicated in the figure legends) was separated on a 10% polyacrylamide gel and transferred electrophoretically to a nitrocellulose membrane (Schleicher & Schuell). Bands were detected using peroxidase-labeled anti-rabbit IgG and an ECL detection kit (Amersham).
RESULTS
Effect of the Wx a and Wx b alleles on regulation of Wx expression Wx protein accumulates in the endosperm and pollen together with starch synthesized, without being degraded even after working as an enzyme for amylose synthesis . Therefore, the amounts of Wx protein accumulated in mature endosperm and pollen reflect the total activity of the Wx gene.
To examine the effect of the Wx a and Wx b alleles on Wx expression, total proteins from dried mature seeds and mature anthers were analyzed by immunoblot using antiserum against Wx protein . In the seeds, the amount of Wx protein of a near-isogenic line with Wx a from Indica (Patpaku) was higher than that of the Japonica rice (T65) with Wx b (Fig. 1A ). This confirmed our previous results in which the amount of Wx protein was estimated as the protein fraction of starch granules (Sano, 1984 (Fig. 1B) . The quantitative difference in Wx protein accumulation between the Wx a and Wx b alleles was almost the same in the pollen as it was in the endosperm. These results indicated that Cool temperature response To analyze the effect of temperature on Wx expression in the endosperm, plants just after pollination were transferred to a growth chamber (18 or 28°C) and mature seeds were harvested. For the pollen, plants before heading were grown in the growth chamber (18 or 28°C) and mature anthers were collected one or two days before anthesis.
First, we examined cool temperature response of T65 with Wx b . A larger amount of Wx protein was accumulated in the seeds matured at a cool temperature (18°C) than in seeds matured at a normal temperature (28°C) ( Fig. 2A) . Likewise, the Wx protein level in the pollen of T65 with Wx b was elevated by cool temperature (Fig.   2B ). The differences in the Wx protein levels between the cool and normal temperatures were almost equal in the seeds and pollen. These results suggest that the regulatory mechanism of the 1991). Then, we examined whether the Wx a gene response to cool temperatures in the pollen. The result clearly indicated that the Wx protein levels in the Wx a pollen (Patpaku) were not affected by cool temperatures (Fig. 2B) . Thus, all aspects of the Wx gene regulation in response to cool temperatures were conserved in endosperm and pollen.
Effects of du mutation on Wx gene expression
The effects of the du gene on Wx gene expression in endosperm and pollen were analyzed. The du mutants used are 2035 and 76-3, which were obtained by the mutagenesis of Norin8 and are allelic to du1 and du2, respectively (Amano, 1981; Okuno et al., 1983; Yano et al., 1988) . In the endosperm, the amount of Wx protein of 76-3 was much less than that in the original strain, Norin8 (Fig.  3A) . Although the level of Wx protein in the 2035 endosperm was also reduced, it was intermediate between the levels in the Norin8 and 76-3 endosperms. In the pollen, however, the reduction pattern of Wx protein in the du mutants was distinct from that in the endosperm (Fig. 3B) . The Wx protein level of the 2035 pollen was lower than that of the 76-3 pollen. The degree of reduction from the original strain was severer in the 2035 pollen than in the 76-3 endosperm. Thus, the effect of the two mutations in the du gene differed in the endosperm and pollen. Therefore, the function of the du + genes may be controlled in a organ-specific manner.
DISCUSSION
In this study, we compared the regulation of Wx gene expression in the endosperm and pollen in three ways. The effects of the different alleles and cool temperature on Wx gene expression were similar in the endosperm and pollen. On the other hand, the effects of mutations in two du loci on Wx gene expression differed in these organs, suggesting that the two du + genes have different functions in these organs. Although the levels of Wx gene expression highly vary in the endosperm and pollen in rice , the quantitative regulation by the Wx a and Wx b alleles was conserved in the two organs. Usually, tissue or organ specificity is controlled by the cis-regulatory elements in the promoter region. On the other hand, the molecular basis for the difference in the Wx a and Wx b alleles is a single base change in the splicing site of the first intron Isshiki et al., 1998 cool temperature suggests that the single base change at the splicing site of the first intron is also responsible for this response. Larkin and Park (1999) showed the spliced site of the transcript produced at a low temperature differed from that of the transcript produced at a normal temperature. This supports our inference. It is plausible that relatively lower temperatures stabilize the complex that includes the splicing intermediate of the Wx gene transcript, and that the splicing at cryptic sites (Bligh et al., 1998; Cai et al., 1998; Isshiki et al., 1998; Larkin and Park, 1999) occurs more efficiently, resulting in an increase of the mature transcripts and the final gene product, the Wx protein.
The du mutants were found as dull seed phenotypes, which were caused by the lower amylose content in the endosperm and pollen. The immunoblot analysis of protein from the endosperm clearly indicated that the levels of Wx protein were reduced in the two du mutants, 2035 and 76-3. This result suggests that the functional du + genes have positive effect on the expression of the Wx b gene. The reduction of Wx protein in 76-3 was larger than that in 2035 in the endosperm. This difference agreed well with the severity with the appearance of the seed phenotypes and the amylose content. On the other hand, the pattern of Wx protein expression in the pollen are nearly the opposite of that in the endosperm. Thus, the effect of the du mutations differed depending on the organ. A possible interpretation of these results is as follows. In the endosperm, an additional gene, whose function is similar or partially redundant to that of the normal "2035 gene", may be present and have a positive effect on the Wx gene expression. If such a gene is not expressed in the pollen, the 2035 mutation caused the severe reduction of the Wx gene expression in the pollen. Alternatively, the expression of the normal "2035 gene" may be controlled in an organ-dependent manner.
There are several interesting reports concerning the organ-dependent expression of the Wx gene in the grass family. Mikami et al. (1999) (Itoh et al., 1997) . Interestingly, the gene silencing was observed even in the pollen with no transgene from rice heterozygous for the transgene. In maize, Wx gene expression in the pollen and endosperm was shown to be altered by organ-specific differences in RNA processing in the wxG allele, which is caused by the insertion of a retrotransposon (Marillonnet and Wessler, 1997) .
